Recombinant rat insulysin was shown to cleave the internally quenched fluorogenic peptide 2-aminobenzyl-GGFLRKVGQ-ethylenediamine-2,4-dinitrophenol at the R-K bond, exhibiting a K m of 13 M and a V max of 2.6 mol min ؊1 mg ؊1 . Derivatives of this peptide in which the P 2 leucine or the P 2 ' valine were replaced with other residues were used to probe the subsite specificity of the enzyme. Varying the P 2 residue produced a 4-fold range in K m and a 7-fold range in k cat . The nature of the P 2 residue had a significant effect on the site of cleavage. Leucine, isoleucine, valine, and aspartate produced cleavage at the R-K bond. Asparagine produced 36% cleavage at the N-R bond and 64% cleavage at the R-K bond, whereas with alanine or serine the A-R and S-R bonds were the major cleavage sites. With tyrosine, phenylalanine, methionine, or histidine representing the varied residue X, cleavages at F-X, X-R, and R-K were seen, whereas with tryptophan equal cleavage occurred at the F-W and W-R bonds. Variable P 2 ' residues produce less of a change in both K m and k cat and have little influence on the cleavage site. Exceptions are phenylalanine, tyrosine, leucine, and isoleucine, which in addition to producing cleavage at the R-K bond, produce significant cleavage at the L-R bond. Alanine and tyrosine were unique in producing cleavage at the F-L bond. Taken together, these data suggest that insulysin specificity is directed toward the amino side of hydrophobic and basic residues and that the enzyme has an extended substrate binding site.
Insulysin (insulin-degrading enzyme; EC 3.4.24.56) was first described as a proteolytic enzyme capable of degrading insulin (1) . The enzyme is primarily located in the cytosol and peroxisomes (2), although its presence on the cell membrane (3, 4) and its secretion (5) have recently been reported. Although insulysin has the highest affinity for insulin, the enzyme has been shown to cleave a number of other physiological peptides in vitro including glucagon (6) , insulin-like growth factors I and II (7) , atrial natriuretic peptide (8) , and transforming growth factor-␣ (9). The finding of a variety of substrates for the enzyme, as well as its presence at high levels in insulin-insensitive cells, suggest that insulysin has a variety of physiological functions. Those proposed include processing of insulin for antigen recognition (10) , regulation of the multicatalytic proteinase (11) , and modulation of steroid receptor action (12) .
Insulysin was shown to be identical to an enzymatic activity referred to as ␥-endorphin-generating enzyme, an enzyme that converts ␤-endorphin to ␥-endorphin (␤Ϫendorphin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and ␤Ϫendorphin 1-18 (13) . In that study GRF, dynorphin B 1-13, dynorphin A 1-17, and pancreastatin 1-49 were shown also to be substrates. Recent interest in insulysin stems from its ability to degrade the amyloid peptides A␤ 1Ϫ40 and A␤ 1-42 (5, 14 -16) and its possible role as an enzyme involved in the clearance of amyloid peptides in the brain. Decreases in insulysin activity in the brains of Alzheimer's patients have been suggested to contribute to the progression of this disease (17) .
Insulysin is a 110-kDa zinc metallopeptidase member of the invercinzin family of proteases, characterized by an inverted active site motif, HXXEH, relative to the more common HEXXH motif. The two histidines in this motif are ligands for the active site zinc atom, and the glutamate serves either as a nucleophile attacking the susceptible peptide bond or more likely as a general acid catalyst facilitating the attack of a water molecule on the scissile bond (18) . The functionality of these three residues has been established by site-directed mutagenesis (18 -20) .
The specificity of insulysin toward peptide bond cleavage is complex and not fully understood. Authier et al. (6) examined the cleavage sites in a variety of peptides and concluded that the enzyme exhibited a preference for basic (arginine) or large hydrophobic (phenylalanine, leucine, tyrosine) amino acids to occupy the carboxyl (P 1 ) side of the cleavage site. We previously conducted a similar analysis of the substrate specificity of the enzyme and also concluded that the enzyme exhibits a preference, but not absolute specificity, for cleavage at hydrophobic and basic residues (13) . However, we suggested that the specificity of insulysin is directed at the amino side (P 1 Ј) rather than the carboxyl side (P 1 ) of the bond cleaved. It has also been proposed that the specificity of the enzyme is governed by the three-dimensional structure of the substrate (2). This is not inconsistent with the specificity being directed at basic and hydrophobic residues, because it has been observed that substrates bind in an extended ␤-like structure to many proteases.
In this study we have introduced the use of internally quenched fluorogenic peptides as substrates for insulysin. We have used these peptides to further probe the specificity of the enzyme. The results indicate the importance of subsite interactions in determining cleavage sites and further support the suggestion that insulysin specificity is directed at the amino side of hydrophobic and basic residues.
MATERIALS AND METHODS

Expression and Purification of Recombinant
Insulysin-A rat insulysin cDNA (3), kindly provided by Dr. Richard Roth of Stanford University, was subcloned into the pFASTBAC vector (Life Technologies, Inc.) using BamHI and XhoI restriction sites such that a His 6 affinity tag became fused to the N terminus of the protein. The insulysin portion of the fusion protein started at methionine 42, which corresponds to the second putative start site in the coding region. This latter site is believed to be the one utilized in vivo (21) . Generation of recombinant baculovirus and expression of recombinant insulysin in Sf9 cells were done according to the manufacturer's instructions. For the purification of recombinant insulysin, a 1:10 (w/v) suspension of Sf9 cells expressing the enzyme was prepared in 100 mM potassium phosphate buffer, pH 7.3, containing 1 mM dithiothreitol (K-PO 4 /dithioerythritol buffer). The cells were sonicated using a Branson sonifier (setting 3 at 30%) 10 times, each time for 1 s. The sonicate was centrifuged at 75,000 ϫ g for 20 min to pellet the membrane fraction, and the supernatant containing insulysin was loaded onto a 5-ml nickel-nitrilotriacetic acid column (Qiagen) that had been equilibrated with the K-PO 4 /dithioerythritol buffer. After extensive washing of the column with starting buffer and then with 20 mM imidazole buffer, pH 7.3, the enzyme was eluted with 500 mM imidazole buffer, pH 7.3. From a 100-ml culture ϳ2 mg of purified enzyme was obtained. The purified enzyme was essentially homogeneous as judged by SDS-polyacrylamide gel electrophoresis (Fig. 1) .
HPLC 1 Assays-During purification, the activity of insulysin was assayed by measuring the disappearance of ␤-endorphin using reverse phase HPLC as described previously (13) , except that isocratic elution was employed. A 100-l reaction mixture containing 40 mM potassium phosphate buffer, pH 7.3, 30 M ␤-endorphin, and enzyme was incubated for 15 min at 37°C. The reaction was stopped by the addition of 10 l of 5.5% trifluoroacetic acid, producing a final concentration of 0.5%. The reaction mixture was loaded onto a C 4 reverse phase HPLC column (Vydac, Hisperia, CA) and separated isocratically at 32% acetonitrile in 0.1% aqueous trifluoroacetic acid. The ␤Ϫendorphin, which eluted at ϳ8 min, was detected by absorbance at 214 nm using a Waters detector and quantitated from its peak area.
Fluorogenic Assays and Determination of Kinetic Parameters-The reaction of fluorogenic substrates containing an N-terminal 2-aminobenzyl (Abz) group and a C-terminal ethylenediamine-2,4-dinitrophenyl group (EDDnp) was measured by the increase in fluorescence that occurs upon cleavage of any peptide bond and the separation of the quenching EDDnp group from the fluorescent Abz group. Peptides were synthesized and purified by HPLC as described previously (22) and prepared as 1 mM stock solutions in 20% dimethylformamide. The peptide concentration was calculated from the absorbance at 357 nm (⑀ ϭ 10 mM). Reaction mixtures contained the fluorogenic peptide substrate, insulysin, and 20 mM potassium phosphate buffer, pH 7.3. The reaction was initiated by the addition of enzyme and monitored continuously on a Hitachi model F2000 spectrofluorometer equipped with a chart recorder. Excitation and emission wavelengths were 318 and 418 nm, respectively. The relationship between fluorescence change and peptide concentration was determined by measuring the total fluorescence change that occurred upon complete hydrolysis of the peptide with trypsin (22) . Kinetic data were fit to computer programs of Cleland (23) .
Determination of Sites of Peptide Cleavage-Reaction mixtures containing 40 M fluorogenic peptide were allowed to react for varying time periods and stopped as noted above. The reaction mixture was then subjected to HPLC using a gradient of 5% acetonitrile in 0.1% aqueous trifluoroacetic acid to 50% acetonitrile in 0.1% aqueous trifluoroacetic acid. Product peaks were either collected and identified by matrixassisted laser desorption ionization time of flight mass spectrometry or by comparison of the retention times of products to those of previously identified peptides. In some cases product identification was verified by mixing a known product with the unknown and demonstrating cochromatography in the HPLC gradient system.
RESULTS AND DISCUSSION
Insulysin activity has generally been assayed with iodinated insulin as substrate. This assay involves reaction of the enzyme with this substrate, followed by precipitation of unreacted insulin with trichloroacetic acid and subsequent measurement of the radiolabeled products in the supernatant. Although this assay is rather sensitive, it has several disadvantages. It is cumbersome, the products formed are not determined during the reaction, it requires several cleavages of the insulin molecule to release soluble products, it is a discontinuous assay, and it requires handling radioactive material. An alternative assay was developed (13) in which the disappearance of another insulysin substrate, ␤-endorphin, is measured by HPLC. This assay has the advantage that it does not require a radioactive substrate, but it has the disadvantages that it is also a discontinuous assay, it follows substrate disappearance rather than product appearance, and it requires ϳ1 h for each HPLC run. In this study the use of an isocratic system rather than a gradient system to follow ␤-endorphin disappearance reduced the assay time from over an hour to less than 10 min.
In an attempt to develop a simpler continuous assay for the enzyme, we tested as a substrate the internally quenched fluorogenic peptide Abz-GGFLRKVGQ-EDDnp, which contains a central core of both hydrophobic and basic residues, which are cleavage sites in the substrates ␤-endorphin and insulin. Cleavage of any peptide bond in this substrate produces an increase in fluorescence as the quenching of the N-terminal fluorescent Abz group by the C-terminal EDDnp group is relieved (24, 25) . We found this peptide to be cleaved by purified recombinant insulysin, yielding a K m of 21 M and a V max of ϳ0.2 mol min Ϫ1 mg Ϫ1 of enzyme. This can be compared with ␤-endorphin, which exhibits a K m of 13 M and a V max of 2.6 mol min Ϫ1 mg Ϫ1 . Cleavage of Abz-GGFLRKVGQ-EDDnp occurred at a single site, the R-K bond (Fig. 2) .
The ability to use quenched fluorogenic peptides as substrates for insulysin permitted an assessment of the effect of varying the amino acid residue at specific positions on the hydrolysis of peptides by this enzyme. Shown in Table I is the effect of varying amino acids in the P 2 position. 2 It can be seen that variable P 2 residues affect the apparent k cat , with a 7-fold variation in this parameter observed, whereas K m varies less than 4-fold; and changes in k cat /K m more or less parallel k cat . As shown in Table I and exemplified in Fig. 2 , there is a rather profound effect of the P 2 residue on the site of bond cleavage. With the aliphatic residues leucine, isoleucine, valine, and aspartate, cleavage occurs exclusively at the R-K bond. With 1 The abbreviations used are: HPLC, high performance liquid chromatography; Abz, 2-aminobenzyl; EDDnp, ethylenediamine-2,4-dinitrophenyl. 2 The nomenclature of Schechter and Berger (26) is used in which the residue on the carboxyl side of the bond being cleaved is designated as the P 1 residue, and the residue on the amino side of the bond being cleaved is designated as the P 1 Ј residue. Subsequent residues are designated P 2 Ј, P 3 Ј, P 2 , P 3 , etc. With the fluorogenic peptides used in this study, a number of them are cleaved at multiple positions. For simplicity and based on the parent peptide Abz-GGFLRKVGQ-EDDnp, which is cleaved at the R-K bond, we refer to the R residue as the P 1 residue and the K residue as the P 1 Ј residue. FIG. 1 . SDS-polyacrylamide gel electrophoresis analysis of purified rat insulysin. Insulysin (15 g) purified by affinity chromatography as described under "Materials and Methods" was analyzed by SDS-polyacrylamide gel electrophoresis on a 7.5% gel stained with Coomassie Blue.
asparagine, cleavage at the N-R bond is observed about one third of the time, whereas with the small side chains of alanine and serine, the major cleavage sites are the A-R and S-R bonds, respectively. With tyrosine, phenylalanine, methionine, or histidine corresponding to the variable amino acid, three cleavage sites are observed, which are at the F-X bond, the X-R bond, and the R-K bond. The extent of cleavage at each of these sites is dependent on the particular amino acid residue present. With tryptophan, cleavage at the R-K bond does not occur; however, cleavage is seen at the F-W and W-R bonds at about equal frequency. It should be noted that product analysis revealed only the intact N-and C-terminal fragments resulting from the indicated cleavage sites. No fragments corresponding to secondary cleavages were observed.
These data indicate that there are multiple alignments permitted for substrate binding. Subsite interactions between the enzyme and the substrate govern these alignments, which in turn determine which bond is cleaved. Within the sequences tested, the bulky hydrophobic amino acids leucine, isoleucine, and valine, as well as aspartate, appear to be accommodated only as a P 2 residue leading to cleavage exclusively at the R-K bond. Leucine produces the highest k cat value when acting as a P 2 residue (Table II) . At the other extreme, tryptophan does not appear to occupy the P 2 position. Two nonexclusive explanations that can account for this observation are possible. Tryptophan may fit poorly into the S 2 subsite of the enzyme. Additionally, tryptophan may be favored as both a P 1 and P 1 Ј residue and thus within the sequence FWRKV cleavages at F-W or W-R occur much faster than at the R-K bond. All other residues examined appear to be capable of occupying the P 2 position but have a relatively small influence on the rate of cleavage at the R-K bond (Table II) . This suggests that there is no correlation between cleavage at a particular bond and k cat .
As shown in Tables I and II , within the sequence FXRKV, where X is the variable amino acid, only a limited number of residues were found to serve as P 1 Ј residues. These were the aromatic amino acids and methionine. Of these, tyrosine produces the highest k cat for cleavage at the F-X bond. Within this varied sequence, the enzyme accepts a variety of amino acids as P 1 residues, with the rate of cleavage exhibiting an ϳ10-fold variation dependent on the specific residue occupying this position. Leucine, valine, isoleucine, and aspartate, although not found as P 1 residues, were found as P 2 residues. The variety of amino acid types that can occupy the P 1 position and the observation that insulysin appears to favor cleavage at hydrophobic and basic residues (6, 13) make it less likely that insulysin specificity is directed at the P 1 residue.
The effect of varying the P 2 Ј residue is shown in Table III . With the exception of aspartate, which is the least favored residue in the P 2 Ј position, there is less than a 5-fold effect of variable P 2 Ј residues on the apparent k cat , whereas K m varies only ϳ3-fold. When one considers the rates for cleavage specif- hydrolysis products generated from internally quenched peptides. Reaction mixtures containing 40 M internally quenched peptides were reacted with rat insulysin in 50 mM potassium phosphate buffer, pH 7.3. Reaction products were separated by gradient HPLC on a Vydac C 4 reverse phase column as described under "Materials and Methods." Product peaks were collected and identified by either comparison to standards or by mass spectrometry. Shown are the products derived from Abz-GGFXRKVGQ-EDDnp where X ϭ leucine (A), X ϭ tryptophan (B), and X ϭ phenylalanine (C). The major peak eluting between 35 and 40 min represents unreacted substrate. ically at the R-K bond, excluding aspartate, an ϳ8-fold range of k cat values becomes evident. Histidine and serine are the preferred residues at this site, with no obvious pattern of discrimination among other types of side chains. There is also an effect of the P 2 Ј residue on the site of cleavage. The aromatic amino acids phenylalanine and tyrosine and the hydrophobic amino acids leucine and isoleucine produce significant cleavage at the L-R bond and thus act as P 3 Ј residues. Alanine, but not serine, and to a lesser extent tyrosine produce cleavage at the F-L bond, placing these residues in the P 4 Ј position. These data indicate that insulysin contains an extended active site, with residues in the S 2 Ј, S 3 Ј, and S 4 Ј subsites contributing to specificity. The effects seen by P 2 Ј residues differ from those seen with P 2 residues because none of the P 2 Ј residues serve as cleavage sites. However, these residues can influence the cleavage site. There are a number of possible explanations for this, the simplest being that lysine is a poor P 1 residue. The rate enhancements produced by P 2 Ј residues on cleavage at the R-K bond probably result from increased binding energy produced through distal subsite interactions. Those residues that produce additional cleavage sites probably destabilize interactions at the S 2 subsite and/or produce favorable interactions at the S 3 subsite.
The data in Tables II and III also provide insight into the rate-determining step of the reaction. Because the insulysin reaction involves the conversion of a single substrate into two products, there are three potential rate-determining steps. These are the release of the N-terminal fragment of the substrate, the release of the C-terminal fragment of the substrate, or cleavage of the peptide bond. As seen in Table II , with Abz-GGFXRKVGQ-EDDnp as substrate, variable amino acids in the N-terminal portion of the substrate produce a greater than 7-fold variation in k cat when one considers formation of the common C-terminal product RKVGQ-EDDnp. Similarly, a 14-fold variation for formation of the common C-terminal product KVGQ-EDDnp is seen. If release of these C-terminal fragments were rate-limiting, these products would all exhibit the same k cat . Similarly, the data in Table III show a greater than 9-fold variation for release of the common N-terminal product Abz-GGFLR when the amino acid in the C-terminal part of the substrate is varied. These data indicate that release of the N-terminal fragment is also not the rate-limiting step. One is left to conclude that the cleavage of the peptide bond is the rate-limiting step of the reaction, at least with the peptides used in this study.
Together, the data support our previous proposal (13) that insulysin prefers to cleave at hydrophobic (preferably aromatic hydrophobic) residues and basic residues. The data further suggest that the specificity of insulysin is directed toward the amino side of these residues. Multiple subsite interactions are possible, permitting different alignments of the substrate relative to the catalytic site. These interactions determine the site of bond cleavage and to a lesser extent the rate of bond cleavage. Together these factors provide insights into the complex cleavage pattern observed when insulysin acts on physiological substrates.
